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1. Introduction
The average recovery efficiency of fertilizer ni-
trogen in irrigated rice can be as low as 30% (Do-
bermann et al., 2002 and Vlek and Byrnes, 1986), 
but an adequate supply of nitrogen is essential for 
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Abstract
It is often suggested that nitrogen absorbed in the vegetative stage of growth acts as a “reservoir” to sup-
ply the shortfall in demand during grain filling. The main objective of the work described in this paper was 
to investigate how effectively nitrogen absorbed at different stages of the growing season was retained and 
used for grain growth. The total nitrogen in the grain is the integral of the product of the total nitrogen ab-
sorbed at any instant and the eventual allocation of a fraction of that nitrogen to the grain. A point-place-
ment technique was used to deliver small amounts of 15N to the roots of the rice plant at different growth 
stages. The total nitrogen content of the crop was measured by growth analysis throughout its duration and 
the measurements used to calculate the rate of total nitrogen uptake. Using 15N as a tracer enabled the fate of 
nitrogen taken up at any time to be determined. In the short-term, the labeled nitrogen was distributed be-
tween the various plant organs depending on their demand for nitrogen during the period of absorption. In 
the long-term, transfers of 15N occurred between organs, in particular to the developing panicle (rice inflo-
rescence). The rate of nitrogen absorption of the panicle exceeded the rate of absorption by the whole plant 
from 68 DAT onwards. Surprisingly, in the context of rice as an annual plant, the distribution patterns sug-
gested that towards maturity, the perennial nature of the rice plant led to competition for nitrogen between 
the panicles and the next generation of developing tillers. The results showed that the total nitrogen absorp-
tion by the plant was high when the fractional allocation to the grain was low and vice-versa. About 30% of 
the total nitrogen in the grain was acquired before panicle initiation (45 days after transplanting, DAT) and 
the leaves acted as the main “reservoir” for nitrogen. Losses of labeled nitrogen acquired by the plants after 
35 DAT were not significant, suggesting that there was no large loss of nitrogen through volatilization, once 
the nitrogen had been incorporated in the plant biomass.
Keywords: nitrogen, nitrogen distribution, point-placement technique, grain yield, rice
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high yields. Improving crop N-use and yield with 
fewer inputs and less pollution, by agronomy or 
plant breeding (including genetic engineering 
where appropriate), requires a better understand-
ing of the whole system, from genes via metabo-
lism to yield (Lawlor, 2002). The accumulation-ef-
flux patterns of leaf nitrogen suggest that a large 
fraction of nitrogen absorbed by the plant is con-
served and cycled for use in actively growing tis-
sues (Ishizuka, 1976). The process of accumulation 
is important because the nitrogen content of the 
rice crop at panicle formation has been shown to 
be an important determinant of yield (Hasegawa 
et al., 1994). From an examination of rates of net ni-
trogen accumulation in high-yielding rice, Sheehy 
et al. (1998) and Sheehy (2001) suggested that the 
rate at which the developing panicle acquires ni-
trogen exceeds the rate at which the roots acquire 
it during the grain filling period. Furthermore, Sin-
clair and Sheehy (1999) challenged the hypothesis 
that the higher yields of erect canopies resulted 
largely from improved canopy photosynthesis. In-
stead, they suggested that high yields were the re-
sult of higher leaf area index, part of which was 
photosynthetically unimportant, but crucial as a 
nitrogen “reservoir.”
During growth before flowering, nitrogen is ac-
cumulated and used in metabolism so that the “res-
ervoir” fills. The difference between the demand 
for nitrogen and its supply through the roots, dur-
ing grain filling, is met from the translocation of 
previously accumulated nitrogen released from 
senescent tissues. It is in that sense that the previ-
ously accumulated nitrogen acts as “reservoir” in 
meeting demand. How can nitrogen absorption by 
the plant be maximized given that there is a tempo-
ral pattern of uptake? The prediction, from an em-
pirical model, that half the nitrogen in the crop at 
maturity is acquired by the time the crop achieves 
one-quarter of its final biomass (Sheehy et al., 1998), 
suggests that early acquisition of nitrogen is crucial 
for achieving high yield. However, large quantities 
of nitrogen during the early stages of growth can 
lead to large losses into the environment, overly 
lush plant growth that can lead to susceptibility 
to disease (Cu et al., 1996). There is a narrow range 
between sufficiency and excess (Cassman et al., 
1998). Surprisingly, the contributions of nitrogen 
absorbed at different stages of growth to total ni-
trogen in the grain at maturity are not known. If ni-
trogen is thought of as money in a bank, then what 
is required is a statement showing the dates and 
amounts of deposits.
The overall objective of the work described in 
this paper was to investigate how efficiently the 
crop retains nitrogen absorbed at different growth 
stages, and how effectively it uses nitrogen ab-
sorbed at the different stages in support of grain 
yield. The intention was to obtain a well-defined 
temporal pattern of total nitrogen use of rice plants 
by supplying a quantity of 15N large enough to be 
detectable as a label at maturity, but small enough 
not to disturb the normal nitrogen dynamics of the 
plant. To that end, it was decided to use a tech-
nique based on point-applications of 15N described 
by Cassman and Samson (1994) and Sheehy et al. 
(2004).
2. Materials and methods
2.1. Field experimental details
The experiment was conducted in two large irri-
gated plots (blocks), about 800 m apart, during 
the dry season (January 5–April16) of 2001 at IRRI 
Los Baños (14°11′N, 121°15′E). The soil was an An-
daqueptic Haplaquoll with pH 5.7, 20.8 g organ-
ic C kg−1 and 2.38 g total N kg−1. Each plot was 
divided into 12 sections (10 m × 8 m) by planks 
above the water for ease of access. The high-yield-
ing, elite cultivar IR72 was used. Seeds were sown 
in plastic trays and the seedlings were transplanted 
14 days after sowing at the standard spacing of 20 
cm × 20 cm (25 plants m−2). At each planting po-
sition, known as a hill, one seedling was trans-
planted. The hill, i.e. the single plant at a given po-
sition, was the experimental unit. One week after 
transplanting, 458 hills were selected and tagged 
with thin bamboo stakes marked with numbers re-
lated to the assigned date of sampling. The hills 
selected randomly within a planked section but 
omitting three guard rows of hills around the edge 
and the central area of the section, and leaving at 
least four hills not selected between selected hills 
to prevent cross-labeling with 15N. The central area 
of the planked section was reserved for a final har-
vest at maturity to measure yield, using a sample 
plot of 1 m2.
T e m p o r a l  o r i g i n  o f  n i T r o g e n  i n  T h e  g r a i n  o f  i r r i g a T e d  r i c e  i n  T h e  d r y  S e a S o n   339
Management practices were employed to 
achieve minimum possible stress from all bi-
otic and abiotic factors so that yields could ap-
proach the maximum achievable (yield potential) 
in the weather conditions experienced. A fertil-
izer rate of 340–120–340 kg ha−1 of N, P and K and 
10 kg ha−1 of zinc was used; this rate was used to 
ensure yields would be close to yield potential. 
The long-term average yield for the best entry in 
breeders’ trials (1966–1998) was 7.8 t ha−1 (Sheehy, 
2001). One-third of the N (114 kg ha−1) and all the 
P, K and Zn were incorporated in the soil 1 day 
before planting. The remainder of the N was split 
equally (19 kg ha−1) and applied as a top-dressing 
at weekly intervals for 12 weeks after transplant-
ing. Weeds were controlled by pre-emergence her-
bicide application of pretilachlor [2-chloro-N-(2,6-
diethylphenyl)-N-(2-propoxyethyl)acetamide] + 
fenclorim[4,6-dichloro-2-phenylpyrimidine] at rate 
0.45 kg ai ha−1 followed by spot handweeding in 
the period 20–35 days after transplanting (DAT). 
Snails were controlled by applying molluscicide ni-
closamide [5-chloro-N-(2-chloro-4-nitrophenyl)-2-
hydroxy benzamide] at 0.25 kg ai ha−1, applied at 1 
week before planting and 1 DAT followed by hand 
picking. Insect pests were controlled by timely ap-
plication of IRRI-recommended pesticides. Bird 
scarers were employed to prevent birds from feed-
ing on the developing and mature grains. A lattice 
of strings and poles was installed before canopy 
closure to prevent lodging.
Yield was measured in the standard way (Cass-
man et al., 1993). The dry weight was determined 
for the entire plant, the root system was obtained 
using a soil core sampler 20 cm × 20 cm × 20 cm in 
volume. The plants were then washed with tap wa-
ter and rinsed with distilled water. The plant was 
separated into leaves, stem (sheath + culm), roots 
and panicles, and oven-dried to constant weight at 
70 °C and their weights recorded. To generate a to-
tal nitrogen accumulation curve, the nitrogen con-
tents of the plants measured throughout the grow-
ing season were used. The nitrogen content of the 
shoots and roots were sampled on 29 occasions and 
an average of 7 replicates analyzed for N content at 
each harvest. At maturity, the biomass and grain 
yield were estimated from 12 quadrats of 1 m2 each 
selected at random in areas of the plot where hills 
were not treated with 15N. Data are presented as 
means and standard errors unless stated otherwise. 
During the duration of the crop (transplanting to 
maturity) the average temperature was 26.9 °C, the 
average daily rainfall was 2.2 mm, average daily 
sunshine 6.3 h and the average daily solar radia-
tion was 17.4 MJ m−2.
2.2. Point-placement technique for 15N
The technique has been fully described by Sheehy 
et al. (2004) and Cassman and Samson (1994) and 
what follows is a brief description. A gelatin cap-
sule (0.6 ml) was glued to a thin wooden han-
dle 25 cm long so that it could be inserted at 5 cm 
soil depth beneath the center of the rice plant. The 
wooden handles and gelatin capsules were assem-
bled in the laboratory and the number taken to the 
field exceeded the number of hills to be labeled 
on any day. Just before insertion, the capsule was 
filled with a 0.5 ml solution of urea 15N, 99% atom 
15N excess [CO (15NH2)2] of known concentration. 
The gelatin dissolved within a few minutes releas-
ing the labeled N. The quantity of labeled nitro-
gen was calculated to be equivalent to about 20% 
of daily total nitrogen uptake on the day of appli-
cation and was typically of the order of a few milli-
grams. Calculations based on other work suggested 
that the dose was sufficiently small to ensure rapid 
uptake of the label and large enough to be detect-
able at harvest.
Studies reported elsewhere (Sheehy et al., 2004 
and Mnzava, 2002), showed that the maximum re-
covery of the label was achieved about 14 days af-
ter application. There was no correlation between 
the amount of 15N supplied and the fraction recov-
ered (Mnzava, 2002). Each application of 15N was 
a treatment, replicated in 13 hills in each of the 2 
plots (blocks). In each plot, four hills were har-
vested at 14 days after 15N application and four at 
maturity. The additional five hills provided insur-
ance in case of pest damage or injury to some of 
the treated hills. Total N and atom 15N excess con-
tent of leaves, stems, roots and panicles or grains 
(if present) was determined. Unlabeled control 
hills were included at each harvest for a measure-
ment of background 15N. Applications were made 
on 10, 17, 24, 31, 35, 38, 45, 52, 55, 59, 66, 73, 80 and 
87 DAT. Panicle initiation occurred at 45 DAT and 
flowering at 65 DAT.
Owing to a calculation error for the application 
at 10 DAT, the amount of label applied was too low 
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and the amount retained at maturity was not de-
tectable. The quantities of 15N in the leaves, stems, 
roots, panicles and grains (if present) of the ex-
posed plants were measured using mass spectrom-
etry at each harvest. Ratios of the 15N nitrogen con-
tents of the crop at maturity to the amount of an 
application recovered 14 days after labeling were 
estimated using the equations provided by Mood 
et al. (1974).
Using the same labeling and sampling proto-
cols outlined above, a subsidiary experiment in 
one of the irrigated plots was conducted to follow 
the time course of 15N uptake following applica-
tions on days 17, 35, 45 and 55 DAT (Sheehy et al., 
2004). Four labeled plants were harvested 1, 2, 4, 
7 and 14 days after labeling and at crop maturity. 
The patterns of 15N recovery by the plants, follow-
ing labeling, were described by the equation used 
by Sheehy et al. (2004):
y = a(1−exp(−bx)),                            (1)
where a represents the maximum uptake of 15N by 
a plant, the initial slope of the curve is ab and x is 
days after 15N point placement. The time taken for 
the plant to absorb 95% of the isotope (T95) is de-
rived from Eq. (1) and is T95 = (1/b) ln(20); this is 
a pragmatic proxy for estimating the maximum 
measurable uptake because Eq. (1) has an asymp-
tote (the value of a) when x is at infinity. Sheehy et 
al. (2004) described the uptake and loss of 15N in 
terms of two rate constants, one governing uptake 
by the plant, kh, and the other, kl, governing loss to 
the plant from the plant-available pool of soil 15N; 
they are linked to the parameters of Eq. (1), a = kh/
(kh + kl) and b = kh + kl. The loss of nitrogen results 
from a combination of effects: temporary immobili-
zation of the label into unavailable nitrogen pools, 
physical losses from the soil–floodwater system via 
volatilization, denitrification and, in some cases, 
leaching. The initial slope of the curve (ab, when x 
= 0) represents the rate constant for 15N uptake by 
the plant from the soil pool, kh.
2.3. Calculating the temporal origin of nitrogen in the 
grain
Apart from possible minor losses owing to root 
exudation or volatilization from leaves, the plant 
loses significant amounts of assimilated nitrogen 
when organs or parts of organs become detached 
from the plant. Consequently, some of the nitrogen 
absorbed during the early stages of growth will be 
lost as plant organs become senescent, whereas ni-
trogen absorbed during later growth stages may 
be fully retained in mature tissues. Consequently, 
the loss from the plant is likely to be discontinuous 
and we make no attempt to model it. The amount 
of nitrogen retained by the plant will be influenced 
by the amount of nitrogen transferred from senes-
cent to other organs before detachment and the la-
bel enables us to follow that process. The rate of ac-
quisition of total nitrogen varies with growth rate 
and stage of growth. The gross rate at which nitro-
gen is accumulated by the plants, measured using 
growth analysis, can be described using the law of 
mass conservation:
                (2)
where dNh/dt is the rate of change in the amount 
of total nitrogen in the plant, dNu/dt the gross rate 
of nitrogen absorption by the plant and dNl/dt the 
rate of nitrogen loss from the plant (the combina-
tion of detachment of plant parts and perhaps vol-
atilization). The total nitrogen in the grain at matu-
rity, t = tm, can be written:
               (3)
where fr(t) is the fraction of the nitrogen absorbed 
at time t, that is subsequently located in the grain 
at maturity. The fraction fr(t) is determined by us-
ing 15N as a tracer and assuming that the fractional 
distribution of the isotope is the same as the un-
labelled nitrogen. Given the nature of the experi-
ments conducted, it is useful to write Eq. (3) as the 
outcome of a number, n, of measurement intervals 
covering the whole period of crop growth:
               (4)
where fr(j) = 15Ng(j)/15N(j) and is the fraction of the 
15N absorbed in the interval j, 15N(j), that is eventu-
ally located in the grain at maturity, 15Ng(j), ΔNu(j) 
is the total amount of nitrogen accumulated in 
the same interval. Without much loss of accuracy, 
ΔNu(j) can be calculated by fitting a curve describ-
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ing the relationship between total nitrogen and 
time, constructed using data from a sequence of 
measurements of the total nitrogen content of the 
crop. The loss of nitrogen can be calculated using 
the 15N data and the curve refitted to give the gross 
rate of nitrogen absorption.
3. Results
3.1. Data analysis
It was clear from the data that there were no impor-
tant differences between the two blocks (irrigated 
plots). Consequently the data were pooled which 
meant that each mean value in the main experi-
ment was derived from eight measurements and 
the standard errors were acceptably small. In ad-
dition, since the main purpose was to follow time 
courses of nitrogen acquisition, curves were fitted 
to sets of data with eight values at each time (four 
values in the subsidiary experiment) so that stan-
dard errors for parameter values were small and 
values of r2 were high.
3.2. Total nitrogen uptake
The form of the logistic equation used to relate 
N content in g plant−1 and time in days was y = 
a/(1 + (t/b)c), where a = 1.22 ± 0.04 g N plant−1, b 
= 44.98 ± 1.58 day, c = −3.18 ± 0.25, r2 = 0.99 (Fig-
ure 1a). At maturity (101 DAT), the total nitro-
gen content estimated from the fitted curve was 
1.13 g plant−1, and the measured value was 1.15 ± 
0.06 g plant−1. The nitrogen content of the grain at 
maturity was 0.53 ± 0.02 g N plant−1 (82% of pan-
icle N, Figure 1b). The average grain yield was 
7.99 ± 0.08 t ha−1 (31.96 ± 0.32 g plant−1, 14% mois-
ture content) and the harvest index was 0.46; the 
yield estimate based on the plant weights used 
for nitrogen analysis was 16% larger. The nitro-
gen content of the grain was 1.66%, and the nitro-
gen harvest index was 0.46. Measurements of the 
15N content of the crop, showed that, on average, 
25% of the labeled nitrogen taken up by the plants 
from applications prior to 38 DAT was not recov-
ered at maturity. Assuming equivalent propor-
tional losses of plant N from both labeled N and 
unlabeled N, a gross nitrogen acquisition curve 
was constructed. This was done by calculating 
the absolute amount of nitrogen lost and adding 
that value to the net nitrogen content of the crop 
measured at maturity. The logistic curve was re-
fitted and parameter values for the gross nitrogen 
curve were a = 1.35 ± 0.05 g N plant−1, b = 47.23 ± 
1.45 day, c = −3.36 ± 0.20 (Figure 1a). The logis-
tic equation was used to relate N content in the 
panicle (g panicle−1) and time in days (Figure 1a), 
with t≥40, a = 0.73 ± 0.04 g N plant−1, b = 82.5 ± 
1.29 day, c = −10.23 ± 0.90, r2 = 0.99. The rates at 
which the whole plant and the panicle absorbed 
nitrogen were calculated from first differentials of 
the curves describing the gross N content of the 
plants and the panicles (Figure 1b). The maximum 
rate of nitrogen absorption by the plants, calcu-
lated from the gross curve, was 26.4 mg N plant−1 
per day on 39 DAT; the maximum rate by the pan-
icle was 22.9 mg N hill−1 per day on 81 DAT.
3.3. Subsidiary experiment: time courses of 15N uptake 
by plants
The time course of 15N recovery by the plants fol-
lowing labeling on days 17, 35, 45, and 55 DAT 
were described using Eq. (1), the coefficients of de-
termination (r2) were ≥0.86. The uptake patterns 
were not significantly different for days 17, 45 and 
55 so the data were combined (r2 = 0.97). The pa-
rameters a and b of Eq. (1), together with the rate 
constants kh and kl for the applications of 15N made 
on those days and on 35 DAT, are shown in Table 
1. The value of the parameter a for 35 DAT (0.74 ± 
0.03) was significantly greater than the values ob-
tained for the other application days (0.55 ± 0.02). 
The value of the parameter b for the combined data 
was 0.30 ± 0.04 and the value for 35 DAT was 0.24 
± 0.03. The estimated time taken to absorb 95% of 
the 15N delivered by the point-placement technique 
on 35 DAT was 12.5 days and 10 days for the other 
application days. The values of kh and kl were 0.18 
and 0.06 per day for 35 DAT and the values for kh 
and kl were 0.17 and 0.14 per day for the other ap-
plication days.
3.4. Temporal origin of nitrogen in the grain
The results here and elsewhere (Sheehy et al., 2004) 
show that 95% of the labeled nitrogen was ab-
sorbed over a 10–14-day period following appli-
cation. Here, the total 15N absorbed after an appli-
cation was represented by the value measured 14 
days after its application and it was plotted on the 
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graphs on this day. However, it must be remem-
bered that the 15N values shown in the graphs rep-
resent a 14-day integral of absorption beginning 
on the day of application. The amount of 15N re-
covered by the plants after a series of applications 
throughout the growing season, is shown in Figure 
2. It can be seen that the recovery of the 15N sup-
plied increased to a maximum of about 75% on 
49 DAT and declined as the season progressed to 
about 40%. The amount of total nitrogen absorbed, 
for a series of 14-day intervals each starting on the 
day of application of 15N, was calculated from the 
gross nitrogen acquisition curve and it can be seen 
(Figure 2) that it followed a similar pattern to that 
Figure 1. (a) The net accumulation (- - -) of nitrogen by the plants is represented by the curve y = 1.22/[1 + (t/44.98)−3.18]. The 
gross accumulation (●) of total nitrogen (g hill−1) by rice plants in an irrigated crop during the dry season represented by a logis-
tic curve y = 1.35/[1 + (t/47.23)−3.36]. The points represent measurements of total net nitrogen content of the plants with standard 
errors (n = 7), the uppermost point of the final pair is the estimated final gross nitrogen content of the plants. The accumulation of 
total nitrogen (g hill−1) by the rice panicles (—) is represented by the curve y = 0.73/[1 + (t/82.53)−10.23]. (b) The gross rate of total 
nitrogen uptake by the whole plant (—) and the panicles (- - -). These curves are the first differentials of the corresponding curves 
in (a).
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of 15N absorption. A comparison of the fraction of 
the 15N in the biomass at maturity and the maxi-
mum fraction originally absorbed (14 days after 
labeling), showed that there were no significant 
losses of 15N from the plants after 49 DAT (Figure 
3). The fraction, fr(j), with which labeled nitrogen 
absorbed in the time interval j, is used for grain is 
shown in Figure 4. It can be seen that prior to an-
thesis, during the vegetative stages of growth, the 
value is in the range of 0.3–0.4. Thereafter, fr(j) rises 
after panicle initiation to a maximum of about 0.9 
at 87 DAT and then falls to about 0.4 at maturity. 
As described above, the gross amount of total ni-
trogen absorbed, ΔNu(j), for a series of 14-day inter-
vals, each starting on the day of application of 15N, 
was calculated; the maximum was 0.36 g N plant−1 
in the interval 31–45 DAT (Figure 4). The nitrogen 
allocated to the grain from each 14-day interval 
was calculated using Eq. (4). That value, divided 
by the measured total amount of nitrogen in the 
grain (0.53 ± 0.02 g N plant−1) gave the fractional 
contribution each interval made to the total nitro-
gen content of the grain. The maximum value of 
the fraction of total nitrogen allocated to the grain 
was 27% for the interval 45–59 DAT, the minimum 
was 4% for the interval 87–101 DAT (Figure 5). The 
total amount of nitrogen in the grain accounted for 
was 103% (Table 2).
The distribution of 15N through the plant fol-
lowing maximum absorption of 15N and the redis-
tribution of that 15N remaining in the plant at ma-
turity is shown in Figure 6a and b. Before anthesis 
Table 1. The parameters of the equation [y = a(1−exp(−bx))] for the dry season describing the absorption of 15N by 
the hills at different stages of growth, the coefficient of determination of the regression (r2) and the rate constants kh 
and kl describing the uptake and loss of the 15N
Day of application of 15N         a                       b(per day)             r2                     kh (per day)       kl (per day)         T95 (days)
17, 45 and 55  0.55 (0.02)  0.30 (0.04)  0.97  0.17  0.14  10.0
35  0.74 (0.03)  0.24 (0.03)  0.99  0.18  0.06  12.5
There were no significant differences between 17, 45 and 55 DAT so the data were combined. The figures in paren-
thesis are standard errors.
Figure 2. The maximum recovery of 15N by rice plants in an irrigated crop during the dry season following a series of application 
of 15N using the point-placement technique (□); standard errors are shown (n = 8). The gross total amount of nitrogen accumu-
lated by the plants for each 14-day interval corresponding to the periods of 15N absorption by the plants (•), calculated from the 
logistic curve y = 1.35/[1 + (t/47.23)−3.36] describing the gross accumulation of nitrogen by the plants.
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(DAT<65), the leaves were the most important lo-
cation for nitrogen, thereafter the panicle increas-
ingly assumed that importance (Figure 6a). Follow-
ing panicle initiation (45 DAT), the allocation to the 
leaves began a steady decline from about 68% that 
continued until it reached 11% at maturity. Prior 
to anthesis, the allocation to stems remained fairly 
constant at about 30%, it declined to 15% at 87 DAT 
Figure 3. The maximum recovery of 15N by the rice plants (□) in an irrigated crop in the dry season following a series of 15N ap-
plications using the point-placement technique. The percentage of the 15N recovered following an application of 15N remaining in 
the plants at maturity (•); standard errors are shown (n = 8).
Figure 4. The gross total amount of nitrogen accumulated by rice plants in the dry season over a series of 14-day intervals corre-
sponding to the periods of 15N absorption by the plants (•) calculated from the logistic curve y = 1.35/[1 + (t/47.23)−3.36] describ-
ing the gross accumulation of nitrogen by the plants. The fraction of 15N absorbed during different intervals that was located in 
the grain at maturity (▪), standard errors are shown (n = 8).
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and then increased to 48% at maturity (Figure 6a). 
The allocation of 15N to the roots remained fairly 
constant throughout the growth period varying be-
tween 8 and 3%.
The distribution of the 15N remaining in the 
plant at maturity, following absorption earlier in 
the growth cycle, is shown in Figure 6b (plotted 
14 days after labeling). At maturity, roots had lost 
about 30% of the nitrogen captured earlier in the 
growth cycle. About 6% of the 15N absorbed prior 
to 52 DAT was found in the dead matter at matu-
rity. However, the difference between the 15N re-
tained and the 15N absorbed before 52 DAT was 
21% suggesting that dead matter was lost through 
detachment before maturity. At maturity, 36% of 
the 15N captured before the panicle had developed 
(DAT<59) was located in the panicle and the 15N 
content of the leaves had fallen from 65 to 20%. The 
largest fraction of 15N retained by the leaves at ma-
turity was 27% for the interval between panicle ini-
tiation and flowering (49–69 DAT), thereafter the 
average value was 12%. The average fraction of 15N 
in the stems varied from 33 to 22% between 31 and 
80 DAT, thereafter it increased to a final value of 
48%. The sink strength of the panicle for recycled 
and absorbed nitrogen increases until 87 DAT and 
then declines as the sink strength of the stem frac-
tion increases (Figure 6b).
4. Discussion
The rate of nitrogen absorption of the panicle ex-
ceeds the rate at which nitrogen is taken up by the 
whole plant from 68 DAT onwards (Figure 1b). 
Thereafter, the excess nitrogen demands of the 
panicle are met by transferring to the panicle ni-
Figure 5. The temporal origin of nitrogen in the grain at maturity. The contributions different stages of growth made to the final 
nitrogen content of the grain are shown as percentages.
Table 2. The cumulative contribution of different intervals to the total nitrogen in the grain for the dry season 2001
                                                                                    Interval (DAT)
                                                                                    17–31         17–45           17–59            17–73             17–87        17–101
Cumulative amount of total N in grain (%)  14  32  59  82  99  103
Including 1% for the first 17 DAT  (15)  (33)  (60)  (83)  (100)  (104)
The figures in parentheses include the estimated 1% contribution from the first 17 DAT.
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trogen absorbed at the earlier vegetative stages of 
growth. The maximum daily transfer of 16.3 mg N 
occurred on 82 DAT.
The results in Figure 2 suggest that the recovery 
of 15N is influenced by the same factors influencing 
the rate of total nitrogen absorption. Nonetheless, 
a striking feature of the work described is that to-
tal nitrogen absorption by the plant was high when 
the fractional allocation of that nitrogen to the grain 
was low, and when the fractional allocation to the 
grain was a maximum, the absorption rate of total 
nitrogen was low (Figure 4). The maximum frac-
tional allocation of 15N to the grain was 89 ± 18% 
for 87 DAT and is very similar to the value for irri-
gated bread wheat (Triticum aestivum L.) observed 
by Wuest and Cassman (1992).
Figure 6. (a) The distribution of 15N, absorbed at different stages of growth, to leaves (•), stems (○), panicles (▪) and roots (□), 14 
days after application using the point-placement technique. (b) The reallocation of 15N, absorbed at different stages of growth, to 
leaves (•), stems (○), panicles (▪), roots (□) and dead matter (▲), at maturity. Standard errors are shown (n = 8) and each point is 
calculated independently of the others on any given day.
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The leaves and stems acted as the reservoir for 
about half of the nitrogen used for grain devel-
opment as can be seen from the patterns of nitro-
gen reallocation in Figure 6a & b. Close to matu-
rity (DAT>87), an increasing fraction of the 15N 
was allocated to the stems, probably in support of 
new tiller growth (Figure 6a & b). There appeared 
to be competition for nitrogen between the panicle 
and the stems during the later phases of growth. 
In tropical rice, 20–30% of the spikelets remain un-
filled at maturity (Sheehy, 2001), whether this is 
a consequence of perenniality in the rice plant re-
mains to be determined, but it is clearly a possibil-
ity worth investigating.
There were no significant differences between 
the maximum amounts of 15N in the plants, and 
the amount remaining in the plants at matu-
rity, from labeled N acquired after 49 DAT (Fig-
ure 3). The result suggests that there was no large 
net loss of absorbed nitrogen from the plants via 
volatilization. The losses of ammonia from bar-
ley crops observed by Schjoerring et al. (1993) 
were 0.5–1.5 kg NH3-N ha−1. Those losses are less 
than the measurement errors in this experiment; 
over the growing season the crop accumulated 
287 ± 17 kg N ha−1. The gaseous exchange of am-
monia between the rice plant and the atmosphere 
depends on a number of factors (Farquhar et al., 
1980). The results reported here suggest that the 
compensation point for ammonia was close to the 
ambient partial pressure of ammonia in the atmo-
sphere. Losses of nitrogen prior to 38 DAT were 
probably associated with a loss of dead matter 
from the plants.
The detailed time courses of 15N recovery (Table 
1) confirm the observations of Sheehy et al. (2004) 
that it takes about 2 weeks to absorb the maxi-
mum fraction of 15N available to the plant. As-
suming that nitrate would be rapidly denitrified 
in irrigated rice soils, it is possible that the 2-week 
period of absorption could be reduced by sup-
plying nitrate rather than urea as the label. How-
ever, greater quantities of labeled nitrate-N would 
be required to obtain the same intensity of label-
ing in the plant owing to greater losses of the ap-
plied 15N-labeled nitrate (Ponnamperuma, 1972). 
The maximum rate of uptake of total nitrogen was 
about 26.4 mg N plant−1 per day at 39 DAT (Fig-
ure 1) suggesting the nitrogen in solution avail-
able to the roots (Qs) was about 36 kg N ha−1 (khQs 
= dNu/dt). The patterns of uptake of nitrogen fol-
lowing applications of different amounts of ni-
trogen fertilizer at panicle initiation (Peng and 
Cassman, 1998) were similar to the uptake pat-
terns observed here for 15N, Equation (1). It took 
about 14 days for the plants to reach a constant 
nitrogen content in the experiments of Peng and 
Cassman (1998) and the rate of uptake over the 4-
day period following the application was about 
9.4 kg N ha−1 per day. Using the rate constants kh 
and kl for 35 DAT (Table 1) and the 100 kg N ha−1 
applied in those experiments, we calculated the 
average rate of uptake (Sheehy et al., 2004) would 
have been 10.2 kg N ha−1 per day.
The failure to detect 15N in the grain, after an ap-
plication at 10 DAT, was the result of an error in 
the calculated quantity of 15N in the capsule. Re-
sults from work in this paper and reported else-
where, suggest that as much as 32% of the nitrogen 
absorbed at that early stage of growth (Sheehy et 
al., 2004) can be translocated to the grain. However, 
the total amount of nitrogen absorbed in the first 
17 days of growth following transplanting is small 
(Figure 1) and likely to contribute about 1% to the 
total nitrogen in the grain. The measurements and 
accounting technique used for allocating nitrogen 
to the grain described in this paper would over es-
timate the nitrogen in the grain by about 4% (Table 
2). Hence, the point-placement technique for deliv-
ering an isotope to the roots can be used with con-
fidence in studies concerned with fate of absorbed 
nitrogen. Each stage of growth makes a contribu-
tion to the nitrogen in the grain, with the period be-
fore anthesis (65 DAT) contributing about 60–70% 
(Table 2). The final month would make a slightly 
greater contribution (21%) than the first month 
(14%) to grain nitrogen (Table 2).
5. Conclusions
The results show that a substantial amount of ni-
trogen is transferred from the leaves to the grain, 
as is common in cereals (Simpson et al., 1983 and 
Jamieson and Semenov, 2000). It is likely that the 
processes described here are characteristic of rice, 
even though the quantities might vary with loca-
tion and genotype. It is hoped that the technique 
and measurements described here will contribute 
to the design of fertilizer regimes that more pre-
cisely match crop demand, throughout its growing 
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period, with respect to grain production. Issues re-
lating to the “ideal” quantity and concentration of 
nitrogen around the roots and their “ideal” uptake 
characteristics were not the focus of this paper.
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